The presence of thin organic layers embedded in the nacreous layer in the shell of several species of Unionoida has been widely considered to be largely a reaction to prevent further shell dissolution once part of the shell has been corroded. Their microstructural characteristics have also been used as taxonomic characters to separate the families Margaritiferidae and Unionidae. This paper focuses on the description and interpretation of these organic layers in samples of four extant species of European Unionidae coming from acidic and alkaline waters, six extant species of Margaritiferidae, one Cretaceous Unionidae and two Cretaceous Margaritiferidae species. Our results demonstrate that organic layers have characterized species of Unionoidea at least since the Cretaceous and occur in specimens coming from both acidic and alkaline waters. Moreover, the presence of these layers in noncorroded shells can be interpreted as a preventative or 'prophylactic' measure against corrosion. Their thickness is the only useful character verified to separate the two families. In the Margaritiferidae, organic layers were found to be present in Margaritifera margaritifera, M. valdensis, M. idubedae, M. laosensis, M. laevis and M. monodonta, and absent in M. auricularia and M. marocana. In Unionidae, they appear in Protopleurobema numantina, Potomida littoralis and in some individuals of Unio mancus, U. delphinus and U. tumidiformis. We argue that organic layers played a fundamental role in shell protection during the invasion of freshwater by the earliest Unionoida, while today they function to improve fitness in acidic water in some species.
INTRODUCTION
Shells of members of the order Unionoida (naiads or freshwater mussels) typically have an aragonitic shell consisting of two principal regions, an outer thin prismatic layer just below the periostracum that is absent only in the genus Etheria (Taylor, Kennedy & Hall, 1969) and the main part of the shell that is composed of nacre. The nacreous region is generally described as formed of two layers of different types, the inner (sheet structure) and the middle (lenticular structure) nacreous layers . In several species, thin (0.01 -0.03 mm) periostracum-like conchiolin layers ('adventitious interior conchiolin layers' of Tevesz & Carter, 1980) have been recorded embedded in the nacreous layer and these have often been interpreted as a reaction to shell dissolution in acidic waters Tevesz & Carter, 1980; Kat, 1983) .
This general shell structure has also been observed in lowermiddle Jurassic unionoids from China (Chen, 1987) and in early Cretaceous specimens of the family Margaritiferidae (Delvene et al., 2010) from the Cameros basin (Spain). In these latter specimens, the shell now consists of neomorphic calcite that has replaced the original aragonite. The earliest record of preserved organic elements of unionoid fossil shells comes from Mantell (1854) , who recorded the ligament in shells of Margaritifera valdensis (Mantell, 1844) from the Wealden (early Cretaceous) at Brook, Isle of Wight, in southern England. He coined the term 'molluskite' for the preserved ligament and periostracum, which he described as being in a carbonized state. The M. valdensis specimens used in this study are probably from the same locality, showing similar preservation to Mantell's specimens held in the Natural History Museum, London. Since Mantell's study the presence of organic layers in fossil Unionoidea has only been reported from Eocene Unionidae, in which a function related to environmental conditions has been proposed (Kat, 1983) .
These organic layers are structures very similar to the periostracum, embedded in the nacreous layer, and their principal feature is the presence of an underlying prismatic layer (Beedham, 1965; . They have been observed in the umbonal region, passing through the internal ligament Tevesz & Carter, 1980) and forming patches or complete sheets over the interior surface of the valve Kat, 1983) . In sectioned shells, these conchiolin layers could be mistaken for the periostracal bands ('intra-shell periostracum layers' of Checa, 2000) that mark growth rings (Coker et al., 1921; Clark, 1980; Neves & Moyer, 1988) . However, these periostracal bands, which also have an underlying prismatic layer, can be seen to be continuous with the external periostracum at the shell edge and normally do not enter the nacreous layer (Checa, 2000; R. A. personal observation) .
According to Tevesz & Carter (1980) , organic layers are most commonly found in the umbonal area of unionoideans with thin shells, rather than in thicker-shelled species. They suggested that these layers are deposited in response to shell penetration caused by chemical dissolution, or as a response to contaminants, in a manner similar to the repair process of damaged shell margins in Anodonta reported by Beedham (1965) . Tevesz & Carter (1980) also described similar structures, but lacking the underlying prismatic layer, deposited by thin-shelled unionoideans as a preventative measure against future umbonal dissolution, which they termed 'prophylaxis conchiolin layers'. Kat (1983) used the microstructural characteristics of organic layers as a taxonomic character to separate the families Margaritiferidae and Unionidae and, furthermore, species within the same genus. He interpreted the organic layers as an adaptation to acidic water conditions, stating that they could be used to estimate palaeoenvironmental parameters. Similar organic layers are not an exclusive feature of the Unionoida; similar structures, called 'organic sheets' (Isaji, 1993) or 'conchiolin sheets' (Harper, 1994) , have been interpreted to have an antipredatory function in the shell of some species of Corbulidae (Lewy & Samtleben, 1979; Kat, 1985; Harper, 1994; Kardon, Abbreviations: IGME, Instituto Geoló gico y Minero de Españ a; MNCN, Museo Nacional de Ciencias Naturales; N, number of specimens.
Fossil material deposited at the IGME; Recent material deposited at the MNCN.
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1998) and Ostreidae (Taylor, 1990) , or as functional responses to shell dissolution in some brackish-water corbiculids (Kat, 1985 , Isaji, 1993 , 1995 . This paper focuses on the description and interpretation of organic layers in unionoids. In order to improve understanding of their origin, microstructure and taxonomic value, we have studied samples of four extant species of European Unionidae coming from acidic and alkaline waters, six extant species of Margaritiferidae, one Cretaceous unionid and two Cretaceous margaritiferid species. Table 1 provides specimen and locality details for the taxa selected for this study. All studied specimens were sectioned in an oblique direction from the umbo towards the postero-ventral region to cover the longest distance (Fig. 1 ). Fossils were embedded in resin to prevent breakage. All samples were then polished using carborundum, diamond, cerium or aluminium oxide on felt and observed by scanning electron microscopy (SEM) using a backscatter detector. Conventional petrological thin sections were also prepared from some fossil and Recent specimens and observed under optical and binocular microscopes. Mineralogical identification in fossil samples was made by observing their optical characteristics under the petrographic microscope.
MATERIAL AND METHODS
To avoid confusion between intra-shell periostracal bands and 'true' organic layers, the whole length of these structures was always studied when they were found. In this study we only consider as organic layers those that are present in the nacreous layer of Recent specimens, that have an underlying prismatic layer and that never connect with the external periostracum.
Recognition of the organic layers is not always easy, for instance when comparing thin sections of Margaritifera margaritifera and M. auricularia using an optical microscope (Figs 2A, 3A) . Distinguishing between nonhomologous structures such as the organic layers and the normal lines of shell deposition can be problematic, but the key discriminant is the underlying prismatic layer, a feature observable by optical microscopy ( Fig. 3B ) , but much more evident under SEM. This difficulty of recognition increases in fossils (Fig. 4A) , for which preservation, preparation and observation methods can all affect the interpretation of organic layers. For instance, some thin sections observed by petrographic microscopy showed lines of shell deposition that were difficult to interpret. Although the direct observation of the prismatic layer was not possible, the study of thin sections under optical microscopy allowed us to interpret the layer of calcite just below the organic layer as the remains of the original aragonite prisms in M. valdensis (Fig. 4B) . Nevertheless, in most of the studied extant and fossil species we have observed cracks, discontinuities and other structures that cannot be interpreted as organic layers, although we do not know exactly what they are at this stage.
Our results suggest that whole polished shell sections are the most cost-effective and efficient technique to study the organic layers in Recent and fossil shells. It is also useful for other related purposes, such as counting the annual growth rings. Making thin sections for optical microscopy is more expensive and tedious, but is better for distinguishing between annual and pseudoannual bands (Coker et al., 1921: Figs 4 and 5) .
In order to test the possible relation between organic layers and environmental conditions, the specimens of Potomida littoralis and Unio delphinus used in the analysis came from both acidic and alkaline water systems (Table 1) . 
RESULTS
Organic layers were always clearer in Recent specimens than in the fossil samples. We have observed organic layers located near the umbonal area and others isolated in the nacre. Such layers were seen to be present in both intact and corroded shells. We also observed the intra-shell periostracal layers, which mark the growth rings in all the extant and fossil Margaritiferidae and Unionidae. Although at the umbonal shell margin (Fig. 5 ) they can be observed marking the juvenile growth rings, they are more easily observable at the adult shell margin (Fig. 6 ).
Fossil species
The observation of the organic layers in fossil samples depends on both the preservation of the shell and the methods of analysis used. In M. valdensis, the best-preserved fossil samples in our study, the organic layers occurred throughout the nacreous layer. Their preservation in pyrite (identified by cubic crystals, yellow by reflected light and opaque under cross-polarization of petrographic microscope) allowed easy and clear observation ( Fig. 7A and B ) by all techniques, but they were best observed under the optical microscope. The organic layers were continuous, and showed either irregular or consistent thickness along their length (Table 2 ). In some parts the organic layers (Fig. 7C) were preserved in calcite and siderite (brown-greenish by reflected light, dark brown with high-order colours under crosspolarization) instead of pyrite, giving them the false appearance of being discontinuous. This kind of preservation of the organic layers also occurred in poorly-preserved samples, such as those of P. numantina, where the layers were preserved as discontinuous bands of recrystallized calcite ( Table 2 ). The organic layers of M. idubedae were only observable by SEM (Fig. 7D) , having the thinnest organic layers among the studied fossils.
Recent species
Organic layers appeared in all analysed extant species (Table 2) of Margaritiferidae except M. auricularia and M. marocana. Although the former did possess organic layers in the nacre they proved to be due to the prolongation of an annual intra-shell periostracal layer (Fig. 8) . Within this family, the most obvious organic layers occurred in M. margaritifera, with up to seven layers, continuous from the umbo to the ventral margin, varying from 15-30 mm in thickness ( Fig. 2A and B ; Table 2 ). This pattern was similar in all studied specimens from Russia and Spain ( pH values from 6-7.8 and with very low values of Ca 2þ ; Tables 1 and 2 ). The layers always showed the true organic layer and, below, the irregular prismatic layer with prisms of different shapes and sizes ( Fig. 9A and D) . Our observations were similar in other margaritiferid species (Fig. 9B and C) , although there the layers were not as numerous and continuous as in M. margaritifera. Indeed, in M. monodonta some layers lacked the prismatic layer (Fig. 9E) . The shell of M. laevis and M. laosensis showed a similar number of similarly thickened organic layers (3 or 4 layers, varying from 20 -24 mm), although the latter had a thicker shell (Table 2) . They were more common at the umbo (Fig. 10A ) than in the rest of the shell, where they were discontinuous and formed patches ( Fig. 10B  and C) . In the species of Unionidae, organic layers were never continuous, appearing either restricted to the umbo (Fig. 11A and B) or forming patches in the shell, being always more common in the ventral part of the shell. They appeared in all the specimens of P. littoralis (Fig. 11C) and in some U. delphinus and U. mancus. Only one of the three studied specimens of U. tumidiformis had organic layers and these were restricted to the umbonal area. As in the margaritiferids, organic layers in unionids were associated with an underlying irregular prismatic layer ( Fig. 11D and E) . In some specimens of P. littoralis and U. delphinus the organic layers also appeared to have a thin prismatic layer above them (Fig. 11F) . 
Relationships with water pH and calcium levels
There was no obvious relationship between the presence of organic layers within the shells of either margaritiferids or unionoids and either the pH or the Ca 2þ concentrations of the water they grew in which they lived ( Table 2 ).
The shell of P. littoralis from the Min˜o River showed two organic layers of 5 mm, while another specimen from a softer and more acidic river had only one organic layer of 3.3 mm. The specimens from the Ebro River, with high pH and Ca 2þ values, also had two organic layers, but in one of them the number of layers doubled away from the umbo (Tables 1, 2) .
The two samples of U. delphinus from the Min˜o River had obvious successive organic layers easily observable at the corroded umbo. Once sectioned, the shells showed the same number of organic layers, these being thickest in the thinnest part of the shell (Table 2 ). Only one of the specimens of this species from hard and alkaline waters had organic layers. Something similar occurred in U. mancus, a species from alkaline waters, in which organic layers were only observed in one of the two specimens from the Ebro River and in the specimen from the Valencia Lagoon (Table 2) .
DISCUSSION

Occurrence of organic layers
In some freshwater bivalves the presence of successive organic layers is very obvious, in macroscopic view, where the shell is corroded, as seen in Margaritifera falcata (Tevesz & Carter, 1980: fig. 3a ), Elliptio complanata (Kat, 1982: fig. 1f ), M. margaritifera, Unio delphinus : figs 10B, 22A; this study), U. crassus ( personal observation) and many other species. Tevesz & Carter (1980) suggested that these layers are formed primarily as a reaction to corrosion of the shell and distinguished them from similar but less common patches found in intact thinnershelled species, which are developed prophylactically against corrosion. According to Tevesz & Carter (1980) , these less common prophylactic patches lack the underlying prismatic layer. In this study we have demonstrated that prophylactic layers are a common feature in most of the studied species. We concur with Kat (1983) that all the organic layers present an underlying prismatic layer, the two layers being linked by the conchiolin interdigitations that form the interprismatic walls Kat, 1983) . The same relation exists between the periostracum and the prismatic shell layer Tevesz & Carter, 1980) . Kat (1985) recorded the presence of organic layers within the shell in Unionoida, Veneroida (Solenidae and Corbiculidae) and Myoida (Corbulidae). With the exception of their defensive role in corbulids (Lewy & Samtleben, 1979; Harper, 1994; Kardon, 1998) , the function of the organic layers has always been related to prevention of shell dissolution in acidic or poorlybuffered waters Kat, 1982 Kat, , 1983 Kat, , 1985 Isaji, 1993 Isaji, , 1995 . Nevertheless, they cannot be considered as a universal response of bivalves to shell dissolution (Isaji, 1995) . For instance, in Corbiculidae they appear in the brackish-water taxa Geloina from acidic mangrove environments (Isaji, 1993 (Isaji, , 1995 and Polymesoda (Kat, 1985) , but not in Corbicula from acidic fresh water (Kat, 1982 (Kat, , 1983 . Although the distribution of the organic layers in the Geloina shell (Isaji, 1993: figs 5, 6 ) is similar to that recorded here, they are thinner and only appear in specimens with extensive shell dissolution as a reaction of the mantle epithelium in contact with the environment. Another important difference is their relationship to shell microtubules (Isaji, 1993 (Isaji, , 1995 . In this study, we found organic layers in specimens from soft and acidic waters, but also in similar number and thickness in shells of the same species from hard and more alkaline waters, for example in Potomida littoralis and U. delphinus. In the former, the number of layers even increased in the specimens from alkaline water, although it was in another part of a bigger specimen. In U. mancus, a species from alkaline waters, two of the three studied specimens had organic layers, but they were absent in the specimen from the Ebro River ( pH ¼ 8.22), the same locality where specimens of P. littoralis had organic layers.
As regards margaritiferids, layers appeared in all the samples of M. margaritifera, a species living only in acidic waters, but they were absent in M. auricularia and M. marocana, species from alkaline waters. At least for extant margaritiferids, we have confirmed that layers are more common in species with thin shells, as suggested by Tevesz & Carter (1980) . This relation between organic layers and environment it is not so clear in fossil species. The two studied Margaritifera species show a similar thickness of shell. The eroded umbones of M. valdensis indicate acidic water, while M. idubedae has well-developed umbonal ornamentation, which implies less corrosive conditions. Although they are more evident in the former, both exhibited organic layers.
Taxonomic value of organic layers
According to Kat (1983) , the shape of the organic walls of the organic layers (once the prismatic material is dissolved) provides species-specific characters, although not in the genus Elliptio. Indeed, he postulated that Unionidae and Margaritiferidae can be separated by their different kinds of organic layers. In Unionidae these were said to be of two types, one thin and homogeneous and the other thick (typically with three, but sometimes with more or fewer layers), while in Margaritiferidae there was only one type, thick and with three layers. These differences only referred to the organic layers of the prismatic region, the purely organic region being very similar in all the species.
We believe that the different regions described by Kat (1983) arise from an incorrect interpretation of the remaining part of the prismatic layer after dissolution of the prisms. The only difference that we have observed between the organic layers of both families, at least in extant species, is their thickness, which is up to five times greater in Margaritiferidae. The layers were indeed formed in only two regions, the organic band and the underlying prismatic region, the latter always composed of prisms of different shapes and sizes. The width and shape of these prisms, even in intact specimens, depends on local variation and on the place they occupy in the shell, as occurs with the outer prismatic layer of the shell (Checa, 2000) ; thus, its taxonomical value for separation of species is low.
The three studied specimens of U. tumidiformis came from the same alkaline water (Guadiana River) as the two specimens of U. delphinus (of which one had organic layers and the other did not), but organic layers were only observed in the umbonal area of one of the specimens. The fact that U. tumidiformis is the sister taxon of U. crassus ), a species which can show organic layers (at least in acidic waters), raises more doubts on the taxonomic value of this character.
Evolutionary significance of organic layers
Our results demonstrate that organic layers have characterized species of Unionoidea at least since the Cretaceous. Beyond this, their taxonomic value is debatable, their thickness being the only useful character for differentiation between the two families. In the Margaritiferidae they are always present in M. margaritifera, but are absent in M. auricularia. They have also been recognized in the studied specimens of M. valdensis, M. idubedae M. laosensis, M. laevis and M. monodonta. In Unionidae they are present in Protopleurobema numantina, Potomida littoralis and in some specimens of the other species examined. Therefore, what-if anything-is the role of the organic layers if their occurrence probably depends on causes other than the pH and calcium content of the water? We concur with Tevesz & Carter (1980: 310) that these layers played a fundamental role during the evolutionary invasion of fresh water by the earliest Unionoida, while today they function to improve fitness in acidic water in some species (M. margaritifera) or populations (U. delphinus, U. crassus and E. complanata). If this is so, the random and patchy presence of these layers in other species or populations, both fossil and Recent, may be the signal of sporadic acidic or pollution episodes, if these molluscs are able to exercise some degree of control over the frequency of deposition of their organic shell layers.
